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VELOCITY GAINED AND ALTITUDE LOST IN RECOVERIES
FROM INCLINED FLIGHT PATHS

By E. A, Pearson and J. B; Garvin
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SUHMARY

A series of charts is given showing the varigtion of
the velocity galned and the altitude lost in dive pull— i
outs with the initial indicated air speed and the dive an- _
gle. The ‘effects of the maximum load fachtor, the drag -
parameter K, +the initial attitude, and the type of re-
covery on the velocity gained and the altltude lost are

ealso considered, . T o

The results werc obtaincd from a step-by-step solution
of the equations of motion in which mean values of the air _
density and the airplane drag coeffici ent were used, The T
load-factor variation with time is arbitrarily specified =~ 77
in various ways to sinulate pull-out procedures, some of = . _.. _
which night' -be encountered in flight. B

INTRODUCTION : . -

[E—

The deteralnation of the velocity-altitude relations
of an airplane recovering from a dive has been the sub-
Jject of a number of investlgatlons. Host of these Inves-
tigations have been analytical in nature and have consist-
ed of presentations of methods and approximations for -
solving tho esquations of notion. As tho methods have bo=
cone norc exact, the cquations have bocome longer and more
involved until finally the step-by-step solution is ape. -
proached. Even in the more lengthy and exact methods it is
still necessary to nake assunptions regarding “the_tine var- |
iation of some of the quantities involved. In none of ‘the =~
analytical investigations, however, have results been pre- .~
sented in such a forn that itens of innediate practical
interest, such as the naxinum velocity gained and the al-
titude lost in dive pull-outs, can be readily deternined
for different alrplane types. S



L

2 ' NACA Tochnical. Woite No, 829

Tho nattor of speed galned 1In the recovery fron a
nose-down attitude has recently becone of sone izpoertance
owlng to the fact that the specified liniting diving
speeds for the large low~load-~factor alrplane are only a
relatively snall amnount above the top speed, Thus for
this clase of alrplane, 1f a steép nose-~down attitude rew-
sults fror an energency operation, the question arises as
to whether or not a.rscovery could be nade within the 1in-
its of wing strength without exceeding the specified lin—
1ting speed, '

In order to answer this guestion, several examples
are glven, 1n whlch the values were obtained fron a stepe-
by-~step solution of the basic equations of naetion, Theso
equations .arce then slightly sinplified and a series of
general charts ls.prescnted that glves a closo approxing-
tion of tho altitude lost and the wveloclty gained during
varlous typos of dive recovery_foer differont valuecs of tho

.. ) CDg
drag peranoter K <that is, §7§>.
EQUATIONS OF HOTION

On tho assunptlion that the plitching inertia is gerec,
one of the three eguations of notion is eliminated whils
only a sllght error is introduced, This reduced systen of
egquations is

<
w

3 - py2g - My dY W¥°
¥ cos Y CL S v°® 8 P v 1t s X (1)
: Pyzg . ¥av
.«rsin'v-(cDo+cDi)zv S = 2 % (2)
where
W airplane welght
N flight-path angle fronm horizontal plane

CL 1ift coefficient

'GDO parasite-~drag cocefficlent - o : i

CDi induced-drag coefficient
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p mass density of alr
alr speed

] wing area

g acceleration due to gravity .o : s omem e

t time _ . L

R instantaneous flight-path radius

If the mass density of the alr p is assumed to have
some mean value p throughout the maneuver and if the _
parasite-drag coefficiont and the indqud drag cooff101ent
are combined into a total or resultant drag cosfficiont, ) -
the value of which may be found from o 1ift and drag polar ;
of the alrplane as it is boing flown, a simplification of
equations (1) and (2) becomnes :

(3)

|
|

§,co; ¥ - n(t) g =

— g2 . )
G ) v g . . - B
g sin ¥ - pP ' & _4v {4)
2 W/s .- at |

whore n(t) 4is the load-factor_ variation with'tinme,

[ . LT s
5 5

et -

Cr
T ow/sT oL oo =
and Cp -is the resultant drag coefficiant. R

Before equations (3) and (4) can be solved, it is nec-
essary to specify, or to know 'in advance, the time varia-
tion of the load factor in 'the recovery. Although the ex-~

" act manner of the load~factor variation is unpredictable,

since 1t depends upox the pllot!'s reactlions to circun-
stances or acceleratlions, the naximun value of the load

factor is fairly well defined because it is governed by

the linitations either of the pilot or.of the airplans . i
structure, . _ ) g

For the purpose of illustration, thrée’typés of load-
factor varigtion =n(t) areo considercd, (See fig, 1l.)
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Type 1 remains constant—with time; thils typo 1s a practical
inpossibility but represonts s definite 1inlt that glves

nininunm veloclty gained and nininum altitude lost, Typo 2

varics with %ine in the manncr shown by the dashed line of

figuro 1 and 1is in qualitative agreoment with the nornal _
pull~ocut procodure in which the load factor 1s roduced af- .. -
tor a naxlianun value is reached. Typoe 3 varios with tine
in the saneo nanner as itype 2 until the naxinun load factor
is obtained, after which it remains constant. Type 3 rop-
roscents a varinption of the load factor that might occur
whoen the dangor of striking tho ground or excecoding tho
linlting diving veloclty of-tho airplance is imnincent.

In order to show some guantitativoe rosulits, a stop-~dy-—.
step solution of equations ?S) and (4) has beon nade by
the use of the supplencntary relation

RAY = Vdt - (5)

for sevcral dive recoverios (scc table I) of an airplane B
with the 1lift-drag polar shown_in flgure 2. In all thoso D
ceseg an average ailr donsity £ oqual to 0,0020 slug per .
cubic foot, corresponding to an averags altitude of 5800

feet, was used, Table I shows for each recovery the type

of load—factor varlation, the initial ailr speed cnd olti-

tude, the naxinun load factor iInposed on the ailrplane, the

naxinun velocity galned, and the altitude lost during the -
naneuver, :

In the use of equations (3) and (4) it is necessary .
to have eilther the actual airplane polar (as in fig. 2)
or to construct a polar in which the induced drag is propJ
erly taken into account. Thus, aspect ratio nmight be con-~
sidered as an addltional variable, Experlence gained in
solving a number of exanples of this sort indicates that .
the actual drag variation is of slight Importance as far
as the dosired rosults aro concerned, that 1s, the ovalua-
tion of the maxinun velocity and the altltudo loss in tho
recovery. In faoct, results identical with those listed in
table I could have been obtalned by the use of a properly
chosen constant average drag coefficilent GD. Although the

results obtained by the use o0f such a drag cocefficlent ,
would agrec, as regards altitude loss gnd naxinun veloclty
galned, wilth those obtalned for variabdble GD, there would
be no polnt-~to-point agrecnont in the conputod flight palbhs .,
or velocltios,
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In accordance with the foroegoing reasoning, equations
(3) and (4) could be written as follows:

y2 '
g cos ¥ - n(t) g = . (8)
g sin ¥ - k £ vy3 = & (7)
2 - at
Cne | 5'
D : —
where X = W/S . R

In equations (6) and (7) the term X is the only
tern in which any definite charactcristic of the airplane
itself exists and, for this rcason, tho assunption that
various airplanes could bo grouped according to certein K

C .
(or ﬁ§§- values, which would apply for the alrplane dur-—
ing a given pull-out, was indicated' It must bo approci—
ated that a given airplane may havo a dofinite rango of X
valuos, depending on the actual airplane flight condition,
the initial air spced, thc typo of load~factor vnridéion,
and tho maximum load factor obtained during tho rOCOVer.
In other words, tho X valuc for a givon caso is a func- ~
tion of the airplane polar and of tho portion of the polar

ST e =,

that 1s traversod during the pull-out. ) oL

P p—

Becausoc the paramector . X to beo uscd for any glven
ase is_depondont upon the value of the moan drag cooffi-
ciont GD that will apply during the recovery, the avecrage
drag coefficient could be defined by the following equatlon'_”"

GD = CDi + F(GD - Chl) . ’ (8)
where

'Cp, drag coefficient existing at time pull-out is started

GDa drag coefficient correspondiag to llft coeff101ent
necessary to give required load factor at initial
indicated velocity

F approximaete weighing factor that includes the effect
of velocity gained and time spent in atﬁafn{hg o
level flight
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The following estimated values of the welghlng factlor
F seemr to apply well to the types of load-factor variation

consldered:

Type of pull-out F
1 0.50
2 " .80
3 .75

It 1s appreciated that no single value of F will satisfy
all airplane pull-out conditiong for any givon type of load-
factor varligtion, The foregoling values havo boon sclocted
ag8 tho ones that give the clogest agrocement 1ln all cases

for each type of variation,

In order to derive a series of general charts by which
the altitude lost and the velocity gained can be determined,
a number of step-by-step computations were made using equa~
tions (5), (6), and (7). In these computations a mean
value of. alr density p of 0,0020 slug per cublc foot cor-
responding to an altitude of 5800 feet was used together
with three arbitrarily selected values of X {0.015, 0,030,
and 0,060) taken to represent, respectively: an extremely
clean heavlily loadod airplane making a recovery from high
velocity at a falrly low load factor, a cloan normally
loaded alrplano making a recovory from a fairly high veloc~
1ty at a medlium load factor, and a cleocan normally loaded
alirplane naking a rocovery from a low veloclty at a fairly
high load factor. It was felt that thils range of K values
would be suzflclent ta cover most present—day transport air-
prlanes, provided that the stall angle of the polar was not
approached during the recoveries (0< Cp < 1,1)., It is
obvious that, 1f the large values of Cp assoclated with

c were used, values of X larger than those given
Lmax :

would be obtalned. Later examples, however, will show
that even for thls case the choice of the largest X will
glve good results,

For the computations, incroments of time wero so chosen
that tho corresponding incroment in flight-path angle AY
always fell within a range of 3° to 8°., Thus, on the aver-
age , nbout 18 points wero used to establish tho velocity
varlation from the assuned initial flight-path angle until



NACA Tochnical XNote No, 829 -7

-

the horizontal was reached. These computatlons yielded,
for each case considered, two values of practical interest,
nanely, the maxinun veloclty gained and the maxinun alti-
tude lost in the dive recovery. These values were then:
plotted in the form of general charts.

CHARTS

Figure 3 shows, for the sgnmallest value of the parane-
ter (K = 0,015), the variation of the velocity galned
and tho altitude lost with the initial indlcated wvelocity
for load factors of 2, 3 46 6, and 8 and inltial flight-
path angles %Y, of 90 75 60°, anda 45° Sinilar roe=
sults aro given in figures 4 and 5 for the modiun (0.030)
and the largest (0,060) valucs of X, respectively. Im
figures 3 to 5 tho load factor is assumed to bo constant
with tine (type 1, fig. 1), L L

Sinilarly, tho results for tho second type of load-
factor variation considorod (type 2, fig. 1) are givon in
figures 6, 7, and 8, Figure 9 gives results for the thlrd
type of load-factor variation (type 3, fig,. 15, only oneo
initial ivo anglo of 90° boing considorod.

't r = - - DISCUSSI OW

The “charts."(figs 3 to 8) indicats, in general, that
le'ss velocity is gained in the recovery as %the load fac-
tor is increased and that, for a given case, a certain in-
itial value ‘of alr speed exists where' the velocity galned
is o naxinun., There are, owing to the assunptions nade,
two initial velocities fron whichk no speed increase would
bo experienced during the pull-outs; namely, zero veloclty
and terninpl. velocity., "~ The first lirilt Is purély analyt-
ical because 1t inplies that infinitely large valucs of
CL are obtainable and, for this. reason,  the curves on the
charts (figs. 3 to 9) aro not contlnuod to zoro but aro
arbitrarily cut. off at 100 niles per hour. -The second liL—
it, although a norc practical. one, has been deternined for
each casc on the assunption that the drag coefficlent is
not a function of velocity, The terninal velocitics are
therefore indicated by the interssction "n = 0 6T the
curve and the zero abscissa line and are the so-called
noninal values,
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Although not explicitly gziven by the charts, the con-
puted results show that, for a glven case, the nmaxioun ve-
loclity occurs carlier. in the pull-out as tho initial veloc-
ity is incroased., This result follows from the fact that,
wiere the inltial velocity 1s near tho torninal volocity,
the maxinun volocity occurs vory noar the start of the ro-~
covery aftor which the veclocity will docreaso, Thus, tho
velocity incronont and tho altitude lose givon by tho
charts do not correspond in tino but ropresont maxinun
valuss roachod sonotine during tho pull-out.

A counparison of thoe charts for the throe typos of load-
factor varioction shows that loss voloclty is gainocd and loss
altitudo 1s lost when noro of the area under the uppor hori-
zontal lino of figurc 1 is includod, that 1s, whon the nax-
inun accoleration is attained as soon as possiblo and then
naintained., For nininunm valuos of volocity zainod and alw-
titude lost, 1%t ie particularly dosirablo to add arca un-
der tho n(t) curvo near the bogirning of the nancuvor
whero a relatively lowor voloclty in conbination with a
glven acceloration will result in a grontor flight-path
curvaturo. In practice, howevor, tho inertia of tho air-
rlano oporates to provont. tho inclusion of 211 this aroca
with the roesult that, oven with an instantancous control
operation, tho tinmo requirocd to reach 2 maxinun accolorn-
tion 1s of tho ordor of 1,5 or 2 soconds.

It can be seen from the charts that, in general, the
altitude loss sustained in recoveries increases with the
initial speed, with the steepness of the dive, and also
with a decrease in,the load factor. . :

In order to obtain an idea of thoe efféct of using a
constant instead of the actual variation of drag coeffil-
cient in the solution for speod goined and altitude lost,
the results listed in table I aro compared with similar rec-
sults obtained from thq charts., Theso comparisons are
shown in table II, ' ' '

In tho colunn of X values in tablo II, two values
are given for pull-outs 1 and 4; the lowor valuc was ob-
tailnod fron an extrapolatod valuo of tho lift-drag polar
inscrtod in cquation (8) and tho uppor valus is that of
the highost K +valuo given in the charts, The tabulatoed
valuos of veloclty incronent, altitude loss, and mazxinun
veloclty were obbtaincd with this hizhost availablo value
(0.,060) of X, Even in those cases the discrepancy botwoen
this approximation and the noro accurate solution is only
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8.4 niles por hour and 37 foot altitude for pull~out 1 and
5,8 niles por hour and 46 foet altitude for pulli~out 4,
These valucs reprosont, in goneral, an crror of about 4
porcent in tho nmaxinun voeloclty and the altitude lost.
This result onphasizes the fact that the average drag co-
efficlont need be known to only a falrly low degrec of
accuracy, particularly in this rangoe, in ordor to obtain
gsatisfactory rosults from the charts.

Each of the pull-outs lllustrated in tables I and II
was so choson as to roprosont fairly extrono conditions in
order to indicate the naxinun errors involved from tho uso
of a constant avorage drag coofficlilent throughout the re-
covery. Thoso conditions of maxinun orror in order of in-
portance are: (1) whore the groatest change in drag coof-
ficient occurs, that i1s, a high-load-factor pull-out fron
a low spoed; (2) whore the most velocity is galned and
tho nost altitude lost, that 1s, a low-load-factor pull-
out from a low speod; (3) whoro tho longest tine is in-
velved in acconplishing the maneuver, that is, a low-load-
factor pull-out fronm a high spoed; and (4) wherec the high
load factor is takoen in conjunction with the high inltial
voloclty.

A load factor of 6 was taken for soveral of the pull-
outs in order to cxaggerate tho condltions that nigh% bo
oxpocted if tho alrplanc of figure 2 is usocd, although 1%
was approeciatod that this valuc was far above the dosign
load factor of present-day transport aircraft. ZEven with
this high load factor, the accuracy obtainable from the
charts is considered quite satisfactory. For this reason,
there is an indicatlon that the charts night be used for
categories of aircraft that would linclude sone of the nore
naneuverable airplanes of the present &ay whose nission
night call for diving naneuvers.

In general, 1t nay be noticed that: (a) nore altitude
is lost and nore speed is galned as the type of load-factor
variation procecds inm tho order 1, 3, and 2; and (b) tho
initial attltude. has a considerable effect on both the ve-
locity gailncd and the altitude lost. Inasnuch as the at-
tlitude can be only roughly cstinatod by tho pilot, its ef-
foct nay beconc almost as important as the variation in
load factor in corroclating the rosults obtained fron the
charts with the valucs obtainecd fron flight tosts, '

Langley Henorial Acronautical Ladoratory,.
National Advisory Conmittoe for Aoronautics
Langley Field, Va., Soptenbor 16, 1941,



TABLE I

VARIOUS DIVE RECOVERIES FOR THE AIRFLANE REPEESENTED BY FIGURE 2

(These results wers cbtained by use of a variable drag coefficlent)

Pull~ Type of Initial Initial Maximam | Initial Velocity | Altitude Haximum
out load~ indicated | flight-path load | altitude | increment loss indicated
factor velocity angle fachor velocity
variation| (mph) (deg) (g) (£%) (mph) (£t) (mph)
1 7 200 90 6 6,500 31.1 963 231,1
2 3 260 90 6 6,800 38.9 1,464 298.9
3 3 790 90 6 g,000 Iy . g 2,928 43h.g
I3 2 200 90 6 6,500 35.2 1,054 235.2
5 2 390 80 3 15,000 165.3 19,242 5553
6 1 200 90 3 7,000 69.9 1,755 269.9
7 3 200 90 3 7,200 5.5 2,174 285.5
g 3 390 50 3 10,000 98.6 6,862 488.6
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TABLE IX

COMPARISON OF RESULTS FROM CHARTS WITH TEOSE OBTAINED I¥ TABLE I

Moxlmum inddcated .

Pull-|{Type of| Initial |Initigl| Maxi-jInitial| Parom-| Veloelty in- Altitude 11.ca
out | load- |indicated|flight-| mum alti- otor,| ecroment (mph) loss (ft) volocity (mph)
factor| veloolt th lopd | tude K
varia- v Ia’iglo factor From | From | From | From From | Fron
tion (mph) (dog) | (g) (£t) charts| table Ijcharts|tablo I| charts|table I
- - FaTa'al NN 'y £ man rOgOSO - - - 1 AN ~n - - P AT "
i 3 200 50 b 0,500 o 29.5 | 31.1 1,0 903| 235.5] 23L.1
2 3 260 90 6 6,800 060 | 34.5 | 38.9 [ 1,500( 1,46H 29L.6] 298.9
3 3 390 90 6 8,000 L0295 5.3 | 4.8 | 3,080 2,928 L35.3| L34.8
l 2 200 90 6 6,500 {ggﬁ 41 35.2 | 1,100| 1,054 2n.0[ 235.2
5 2 390 90 % |19,000 .0228|164,5 |165.3 |18,810| 19,242 654.5| 585.3
6 1 200 90 3 7,000 | .0%R3 73 69.9 | 1,92L| 1,755 273.0| 269.9
7 3 200 90 2 7,200 | .0Ug6{ 76.8 | 85.5 | 2,130 2,17 276.8 28K.5
g 3 390 90 3 10,000 |- .0231| 97.3 | 98.6 | 6,953| 6,862 UE7.3| L488.6
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Figs. 1,3
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Altitude loas, fE
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Altitude loss, ft
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Altitude loss, ft .
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Altitude loss, ft
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Altitude logzs, ft

Figare 8.~ Concluded.
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